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We present a Raman-scattering study on strain-free dilute GaAs,N epilayers grown by molecular
beam epitaxy. The aim of our work is to discriminate the effect of alloying from the effect of biaxial
strain on the frequency behavior of the optical phonon modes of GaAs,N. In the relaxed epilayers,
we observe the following: i for the GaN-like LO mode, an upward frequency shift with increasing
N which is larger than previously observed in strained samples; ii for the GaAs-like LO mode, a
redshift with increasing N content which is lower than those reported in the literature on strained
samples; and iii for the GaAs-like TO mode, we observe a very minor blueshift with increasing N
fraction. We discuss the origin of the observed shifts, with particular attention to the reduction of the
GaAs-like TO-LO splitting in GaAs,N. Our data and analysis suggest that such reduction cannot
be explained only by a reduction of the total number of Ga–As oscillators due to the substitution of
As by N. We discuss the effects of disorder and of ionic plasmon coupling between the GaAs and
GaN sublattices of GaAs,N on the behavior of the GaAs-like LO mode of the alloy. We conclude
that the behavior of this mode is determined by long-range effects. © 2007 American Institute of
Physics. DOI: 10.1063/1.2749491
I. INTRODUCTION
Dilute GaAs,N alloys and related compounds have re-
cently attracted much attention due to their unique optical
properties, which could be exploited to develop optoelec-
tronic devices operating in the 1.3–1.55 m range of inter-
est for optical fiber communications. Raman spectroscopy is
a standard technique to characterize the strain and composi-
tion of III-V alloys. Several works have used resonant and
nonresonant Raman scattering to investigate dilute
GaAs1−yNy layers.1–7 In particular, the resonant Raman stud-
ies have provided valuable information about the wave func-
tion symmetry of the E
−
and E+ subbands of GaAs,N ob-
served by reflectance spectroscopy.3–5
The optical phonons of GaAs,N exhibit a two-mode
behavior in the dilute regime. It has been shown that the
GaAs-like longitudinal optical LO branch of GaAs1−yNy
y5%  shifts to lower frequencies with increasing y.1,2,5 In
contrast, no appreciable frequency variation with composi-
tion of the GaAs-like transverse optical TO phonon mode
of GaAs,N has been observed. The GaN-like LO phonon of
GaAs,N appears at 470 cm−1 and shifts to higher fre-
quencies with increasing y.1,4–6 Prokofyeva et al.1 studied a
series of strained GaAs,N epilayers grown pseudomorphi-
cally on GaAs and showed that the downward frequency
shifts of the GaAs-like LO mode arise from two different
causes: i biaxial strain and ii alloying effects. The interest
of studying relaxed GaAs,N layers to confirm that alloying
redshifts this mode was recognized in that work.1 Such type
of study on strain-free samples is of particular importance in
dilute GaAs,N because the elastic constants of this com-
pound might exhibit some deviation from Vegard’s law,8 and
this would affect the analysis of the strain-induced phonon
frequency shifts in the strained epilayers. Likewise, the fre-
quency shifts observed for the GaN-like LO mode in previ-
ous works are likely influenced by biaxial-strain effects.
Thus, it would be desirable to study unstrained epilayers in
order to discriminate the effect of alloying from that of strain
on the frequency behavior of this mode.
In the present work we use the Raman scattering to in-
vestigate the behavior of the optical phonons of unstrained
dilute GaAs1−yNy. For this purpose, we study a series of
relaxed GaAs1−yNy thick layers grown by molecular beam
epitaxy MBE on 100-GaAs substrates y=0.05%, 0.1%,
0.2%, 0.7%, and 1.5%. To measure the frequency of the
forbidden GaAs-like TO modes, we have carried out Raman
experiments with the samples tilted about 60° off-normal in-
cidence. We show that the GaAs-like LO branch of strain-
free GaAs,N displays a downward frequency shift with in-
creasing y, which confirms that this phonon branch is
affected by alloying. In contrast, we find that the GaAs-like
TO mode exhibits a slight upward shift with increasing N
content. With regard to the GaN-like LO mode, we find that
this mode blueshifts with increasing y in the unstrained ep-
ilayers. The observed blueshift is larger than previously ob-
served in biaxially strained GaAs,N.
We discuss the origin of the alloying-induced frequency
shifts observed in our strain-free GaAs,N samples. WeaElectronic mail: lartus@ija.csic.es
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show that the reduction of the number of Ga–As bonds due
to the incorporation of substitutional N together with the
presence of N-related disorder may account for the observed
reduction of the GaAs-like TO-LO splitting. The role of
ionic plasmon coupling between the GaAs and GaN sublat-
tices of GaAs,N on the frequency of the LO phonon modes
is also discussed. We conclude that long-range effects domi-
nate the phonon behavior of the GaAs-like LO branch of
GaAs,N.
II. EXPERIMENTAL DETAILS
Strain-free, 1.5-m-thick GaAs1−yNy layers with y
=0.05%, 0.1%, 0.2%, 0.7%, and 1.5% were grown by MBE
on 100-GaAs substrates. The composition of the samples
was checked by low-temperature photoluminescence PL,
while the relaxed strain state of the films was confirmed by
low-temperature photoreflectance PR measurements, which
did not show any of the strain-related features that appear in
GaAs,N or In,GaAs,N grown pseudomorphically on
GaAs.9,10
Raman measurements were excited at room temperature
and at 80 K with the 514.5 nm line of an Ar+ laser. The
spectra were recorded with a Jobin-Yvon T64000 Raman
spectrometer equipped with a charge coupled device CCD
detector. The experiments were performed on a 100 face by
using either the double subtractive or the triple additive con-
figuration of the spectrometer with 100 m slits. To obtain a
higher accuracy in the measurement of the frequency of the
GaAs-like TO modes of GaAs,N as a function of composi-
tion, we carried out Raman measurements with the samples
tilted about 60° off-normal incidence. With this procedure,
the selection rules for the TO phonon modes of zinc-blende
semiconductors, forbidden in backscattering on a 100 face,
are circumvented, and thus the intensity of the TO peaks is
enhanced see, for instance, Ref. 11. The measurements in
off-normal incidence were performed at room temperature
by using the triple additive configuration of the spectrometer
and 100 m slits.
III. RESULTS AND DISCUSSION
Figure 1a shows a typical room-temperature Raman
spectrum of the strain-free GaAs1−yNy epilayers studied in
this work y=0.7% . As in the case of coherently grown
GaAs,N thin films,1,2,5 the spectrum of the unstrained
sample is dominated by the GaAs-like LO mode located at
290 cm−1. The forbidden GaAs-like TO mode, centered at
269 cm−1, is also observed in the spectrum of the strain-free
sample. On the low-frequency tail of the TO peak we ob-
serve a weak shoulder at 255 cm−1 that has been previ-
ously attributed to the TOX phonon mode, activated by
disorder.5 Second-order features appear in the 300–400 and
480–600 cm−1 ranges.1 As in the case of the strained
GaAs,N, we observe the GaN-like LO mode at
470 cm−1.1,5
Next, we carry out a detailed analysis of the frequency
behavior of the different first-order optical modes of strain-
free, dilute GaAs,N. We will pay special attention to the
TO-LO splitting of the GaAs-like phonon modes.
A. GaN-like LO mode
Figure 1b shows the 440–600 cm−1 spectral region for
our GaAs1−yNy samples with higher N content y=0.2%,
0.7%, and 1.5%. The spectra were acquired at room tem-
perature. Besides the second-order optical peaks above
480 cm−1, the GaN-like LO mode at 470 cm−1 is visible in
all spectra, even in the case of the sample with y=0.2%. As
expected, the intensity of this peak increases with increasing
y.
As can be seen in Fig. 1b, the GaN-like LO mode gives
rise to a weak and broad feature for all samples, in particular,
for the sample with y=0.2%. As a consequence, it was not
possible to measure with high accuracy the frequency of this
mode from the room-temperature spectra. In order to deter-
mine the composition dependence of the GaN-like mode in
our samples, we carried out Raman measurements at 80 K.
In Fig. 1c we plot the spectral region at 80 K of the GaN-
like LO mode for the samples with y=0.2%, 0.7%, and
1.5%. For y0.2%, the GaN-like mode was not observed.
As expected, the peaks are much sharper at low temperature,
enabling us to measure their frequency position. As is clear
from Fig. 1c, the peak for the sample with y=1.5% is blue-
shifted, around 3 cm−1, with respect to that of the sample
grown with y=0.2%. From a linear fit to the frequency of the
GaN-like LO peaks of these three samples, we obtain the
following composition dependence for this mode in relaxed
GaAs,N:
LOGaN cm−1 = 470 ± 1 + 2.5 ± 0.5y% , 1
where the y=0 value corresponds to the frequency of the
Ga–N impurity mode in bulk GaAs at 80 K. Although more
samples would be required to reduce the error of the slope
thus obtained, our results already indicate that the blueshift
of the GaN-like LO mode in the strain-free samples
FIG. 1. a Raman spectrum of a relaxed GaAs1−yNy epilayer acquired at
room temperature y=0.7% . b Detailed spectra, acquired at room tem-
perature, showing the second-order optical peaks and the evolution of the
GaN-like LO mode with increasing y of three different GaAs1−yNy epilayers
y=0.2%, 0.7%, and 1.5%. c Detailed spectra, acquired at 80 K, showing
the evolution of the GaN-like LO mode with increasing y of three different
GaAs1−yNy epilayers y=0.2%, 0.7%, and 1.5%.
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2.5y% cm−1 is larger than that found in previous works
on strained epilayers. While in Ref. 1 the observed blueshifts
were of about 1.97y% cm−1 for y3%, shifts of
1.53y% cm−1 for y2% were found in Ref. 5. It may be
noted that the frequency dependence observed in Ref. 5
above y3% was not linear, which may be due to the pres-
ence of biaxial strain in the samples or to the effect of non-
substitutional N in the crystal lattice.
B. GaAs-like optical modes
In backscattering configuration from a 100 face of a
zinc-blende compound, the LO modes are allowed and the
TO modes are forbidden. Accordingly, the GaAs-like TO
peak is very weak in the GaAs,N samples with lower N
content; only in the samples with higher N content are the
GaAs-like TO peaks clearly visible due to a disorder-induced
relaxation of the selection rules. To study simultaneously the
frequency behavior of the GaAs-like TO and LO modes in
all our samples, we carried out Raman measurements with
the samples tilted about 60° off-normal incidence to circum-
vent the selection rules for the TO phonons. We plot in Fig.
2 the corresponding spectra for the GaAs1−yNy epilayers with
y=0.05% and 1.5%. In the two curves, acquired at room
temperature, both the GaAs-like TO 268 cm−1 and LO
modes 290 cm−1 are visible. The spectrum of the sample
with y=0.05% is virtually identical to that of undoped GaAs.
To illustrate the relaxation of the selection rules for the TO
mode when the spectra are acquired off-normal incidence,
we plot in the inset of Fig. 2 two Raman spectra of the
sample with y=0.05%, in the frequency region of the TO
peak, acquired in normal incidence i.e., in backscattering
geometry and with the sample tilted about 60° off-normal
incidence. The figure shows the sizeable intensity increase of
the TO peak achieved when the sample is tilted. The weak
intensity of the TO peak in backscattering geometry is a
consequence of the good crystal quality of this sample. As
expected, the frequency of the TO peaks remains unchanged
regardless of the incidence angle.
As can be observed in Fig. 2, the LO peak of the sample
with y=1.5% is shifted to lower frequencies, around
0.7 cm−1, with respect to the sample with y=0.05%. This
result, which we obtain in strain-free samples, confirms that
alloying effects in GaAs,N redshift the GaAs-like LO pho-
non mode. We plot in Fig. 3 the frequency of the GaAs-like
LO mode measured in all our samples closed circles. The
figure shows the progressive redshift of this mode with in-
creasing y in the relaxed epilayers. From a linear fit to these
data, we obtain the following composition dependence for
the GaAs-like LO mode in relaxed GaAs,N y1.5% :
LOGaAs cm−1 = 290 ± 1 − 0.42 ± 0.05y% . 2
The shift that we obtain is virtually identical to that found in
Ref. 1, where the redshift component attributed to alloying
effects i.e., after subtraction of the strain effects originated
by the pseudomorphic growth of the samples was estimated
to be around −0.4y% cm−1 for y3%. For comparision
purposes, we have also plotted in Fig. 3 the LO frequencies
measured by Prokofyeva et al.1 on strained GaAs,N epilay-
ers grown on GaAs closed triangles, together with the cor-
responding LO frequency values obtained by subtracting
from the experimental frequencies the strain-induced shifts
open triangles. As explained in Ref. 1, the strain-induced
shifts amount to approximately −0.96y% cm−1, as esti-
mated from biaxial-strain effects in GaAs,N epilayers co-
herently grown on GaAs substrates. Figure 3 shows that the
experimental LO frequencies measured in our samples and
those of Ref. 1 are in good agreement once the biaxial-strain
effects are taken into account.
From the spectra acquired under off-normal incidence
Fig. 2, we find that for the sample with y=1.5% the GaAs-
like TO mode is scarcely blueshifted, around 0.3 cm−1, with
respect to the sample with y=0.05%. This result is in agree-
ment with the upward frequency shift expected for the GaAs-
like TO frequency of strain-free dilute GaAs1−yNy with in-
creasing y due to the smaller size of N atoms i.e., smaller
FIG. 2. Room-temperature Raman spectra of two GaAs1−yNy epilayers, with
y=0.05% and y=1.5%, acquired off-normal incidence to enhance the inten-
sity of the TO peaks. Inset: detail of the TO peak for the GaAs1−yNy epilayer
with y=0.05%, acquired in backscattering configuration 0°  and off-
normal incidence 60° .
FIG. 3. Frequency of the GaAs-like LO mode obtained from the Raman
spectra of our GaAs1−yNy epilayers closed circles. For comparison pur-
poses, the LO frequencies measured by Prokofyeva et al. in Ref. 1 on
coherently strained GaAs,N samples are also plotted with closed triangles.
The open triangles show the corresponding LO frequency values obtained
by subtracting the strain-induced shifts from the experimental values of Ref.
1.
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interatomic distances in GaAs1−yNy with increasing y should
yield tighter spring constants. Whereas no data on the TO
phonon frequencies of GaAs,N were provided in Refs. 1
and 5, in Ref. 7 it was reported that the GaAs-like TO mode
does not show any measurable shift with composition in co-
herently grown epilayers. In contrast, a very small redshift,
which could be attributed to biaxial-strain effects, was ob-
served in Ref. 2. With regard to this, we would like to remark
that the determination of the frequency of the GaAs-like TO
peaks performed in the previous works was hampered by the
fact that this mode is forbidden due to the selection rules,
giving rise to weak, broad features in the Raman spectra. As
discussed above, here we have overcome this limitation by
performing the experiments under off-normal incidence.
C. GaAs-like TO-LO splitting
Our measurements reveal that the TO-LO splitting for
the GaAs-like optical modes in strain-free GaAs1−yNy,
LOGaAs−TOGaAs, is reduced by about 1 cm−1 from y
=0.05% to y=1.5%. This result cannot be accounted for by
short-range effects i.e., by a change in the spring constant or
disorder effects, because these should affect both TO and
LO modes in a similar manner. On the contrary, we have
observed that the GaAs-like TO mode exhibits a small blue-
shift, while the GaAs-like LO mode redshifts with increasing
N content.
Some authors have attributed the shifts of the GaAs-like
LO mode of GaAs,N to disorder and have used the spatial
correlation model SCM, based on finite-size effects on the
phonon frequencies,12 to determine phonon correlation
lengths as a function of the N content.7,13 With regard to this,
it should be mentioned that previous works have shown that
the SCM fails to explain simultaneously the frequency be-
havior of the TO and LO peaks in disordered GaAs.14,15 De-
spite its usefulness to account for the phonon shifts in micro-
crystals, the SCM has several limitations. First, the SCM
predicts larger confinement-induced frequency shifts for the
TO mode than for the LO mode of GaAs, as deduced from
Raman scattering results on GaAs/AlAs superlattices.14,16
However, such TO phonon shifts are not observed experi-
mentally in disordered GaAs.14,17 In addition, to fit the Ra-
man data with the SCM in disordered GaAs one has to arbi-
trarily change the phonon amplitude at the boundary of the
microcrystalline regions from 1/e to exp−42.15 An alter-
native account of the shifts and broadening of the optical
phonon Raman peaks of disordered GaAs was provided by
Burns et al., who considered both strain effects and a change
in the TO-LO splitting due to the presence of vacancies,
antisites, and interstitials in order to explain their results in
ion-bombarded GaAs.14 The long-range effects associated
with LO phonons i.e., the macroscopic ionic polarization
may also play an important role in the behavior of the GaAs-
like LO branch of GaAs,N.
Next, we analyze the effect of long-range effects on the
frequency of the GaAs-like LO phonon branch of GaAs,N.
For undoped GaAs, the ionic plasma frequency associated
with the LO phonons, GaAs= LO
2
−TO
2 1/2, is given by18,19
GaAs
2
=
4NeT,GaAs
*2
	VGaAs
, 3
where LO and TO are the long-wavelength LO and TO
phonon frequencies of bulk GaAs, respectively GaAs is the
Ga–As reduced mass, eT,GaAs
* is the transverse effective
charge for the longitudinal Ga–As oscillators, N is the total
number of Ga–As bonds i.e., N is the number of primitive
cells, so there are 2N atoms in the GaAs crystal, V is the
volume of the crystal V=Na0
3 /4, where a0 is the lattice pa-
rameter of the conventional cell, and 	 is the high-
frequency dielectric constant of GaAs.
To understand why the TO-LO splitting is reduced in
GaAs,N with increasing N content, we first note that
	GaAsN	GaAs, as can be concluded from the cor-
responding values for GaAs and c-GaN. Thus, the variation
of 	 cannot explain the observed reduction of GaAsN. Simi-
larly, as expected from the smaller lattice parameter of
c-GaN with respect to GaAs, the lattice parameter of
GaAs,N, and therefore the total volume of the crystal, de-
creases with increasing y,20 which neither can explain the
observed reduction in the TO-LO splittings. On the other
hand, it is expected that eT,GaAs
* remains basically unchanged
for the Ga–As oscillators within the GaAs sublattice of the
GaAs,N ternary alloy.19 This is particularly true in the di-
lute regime. In contrast, the total number of Ga–As oscilla-
tors is reduced when N is incorporated substitutionally into
GaAs. In this case, the total number of Ga–As bonds N has
to be replaced by N1−y in Eq. 3, giving rise to a reduc-
tion of the TO-LO splitting.
We plot in Fig. 4 solid line the squared ionic plasmon
frequency associated with the GaAs-like LO mode of
GaAs,N that results from considering only substitutional
nitrogen, i.e., GaAs
2 1−y here we neglect the changes in 	
and a0, the effects of which are expected to be much smaller
than those related to the reduction of the number of oscilla-
tors. For comparison, we also plot the squared ionic plas-
mon frequency as determined from the Raman measurements
FIG. 4. Squared ionic plasmon frequency, GaAsN2 expt=2LOGaAs
−2TOGaAs, associated with the GaAs-like LO mode of GaAs,N as de-
termined from the GaAs-like TO and LO frequencies measured in the
samples studied in this work closed circles. For comparison purposes, the
progressive reduction of the squared ionic plasmon frequency of the GaAs-
like LO mode resulting from the substitution of As by N, i.e., GaAs2 1−y,
is also plotted. GaAs2 is the squared ionic plasmon frequency for bulk GaAs.
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in our samples, i.e., GaAsN
2 expt=2LOGaAs
−2TOGaAs closed circles. Surprisingly, the experimental
GaAsN
2 expt values are appreciably lower than GaAs
2 1
−y see Fig. 4. Consequently, most of the TO-LO splitting
reduction and therefore most of the LO phonon shifts that
we observe in our samples still remain to be explained. By
subtracting GaAs
2 1−y from GaAsN
2 expt in Fig. 4, we find
that the deviation between the experimental data and the the-
oretical TO-LO splitting, obtained assuming only substitu-
tional N, is 
2=GaAsN
2 expt−GaAs
2 1−y
−0.02GaAs
2 y%; this amounts to more than 60% of the total
TO-LO splitting reduction observed in our samples.
Here, we speculate that the fraction of GaAsN
2 expt re-
duction that remains to be explained may be attributed to the
presence of defects interstitials, vacancies, and antisites.
Such defects were shown to give rise to a sizeable reduction
of GaAs
2 in disordered GaAs.14 Following the arguments of
Burns et al.,14 we find that a ratio of vacancies antisites to
atoms of 0.5% 0.3%  in the sample with y=1.5% may
account for our Raman data. With regard to this, one should
keep in mind that dilute nitrides contain a high density of
defects, mainly N interstitials, Ga vacancies, and N clusters,
which are responsible for the low luminescence efficiency of
the as-grown materials.21,22 Thus, it is likely that a combina-
tion of such defects lowers the total number of Ga–As oscil-
lators and/or changes the high-frequency dielectric constant
of the material, giving rise to an important part of the ob-
served LO phonon shifts.
Finally, we consider the effect of ionic plasmon coupling
on the frequency of the GaAs-like LO mode of GaAs,N,
which may also explain part of the shifts observed for this
phonon mode. As it is well known, the LO phonon branches
of ternary alloys may display appreciable bowings as a con-
sequence of the long-range Couloumb interactions involved
in the long-wavelength LO phonons. This is the case, for
instance, of In,GaAs.19 Accordingly, it cannot be ruled out
that the behavior of the GaAs-like LO mode of GaAs,N be
a consequence of the electrostatic coupling between the
GaAs and GaN sublattices of this compound, yielding a
downward upward frequency shift of the GaAs-like GaN-
like LO mode. To test this hypothesis we used the repulsion
model outlined in Ref. 19, which allows one to determine the
LO frequencies of ternary alloys without any adjustable pa-
rameters, in order to estimate the effect of ionic plasmon
coupling on the GaAs-like LO branch of GaAs1−yNy. This
model has successfully accounted for the LO phonon
behavior19 and LO-plasmon coupling phenomena23,24 in In-
,GaAs ternary alloys. For the calculations, which we re-
stricted to the dilute regime, we used the following data: for
the GaAs-like TO branch of GaAs,N, we used the experi-
mental frequency dependence, as obtained from Fig. 2; and
for the GaN-like branches, we used Vegard’s law together
with the frequency of the TO and LO modes of c-GaN 555
and 742 cm−1, respectively and the frequency of the Ga–N
impurity mode in GaAs 470 cm−1. Our analysis indicates
that only around 10% of the reduction of the TO-LO splitting
observed in our samples may be originated by coupling be-
tween the two polar sublattices. Thus, we conclude that the
observed TO-LO splitting reduction in dilute GaAs,N is
primarily due to the reduction in the number of Ga–As bonds
caused by the substitutional N and by the increased amount
of point defects and clusters induced by the presence of N.
IV. CONCLUSIONS
We have used Raman scattering to investigate the behav-
ior of the optical phonons of unstrained, dilute GaAs1−yNy
y1.5% , where the phonon frequency shifts can be solely
attributed to alloying effects. We find that the GaN-like LO
mode blueshifts with increasing y in the strain-free epilayers.
The observed shifts, of about 2.5y%, are higher than those
previously observed in strained samples. In turn, we have
found that the GaAs-like LO mode in unstrained GaAs1−yNy
exhibits a downward frequency shift with increasing y. The
observed redshift amounts to about −0.42y%, in good
agreement with previous estimations of the alloying effect in
strained epilayers.
Given that the frequency of the GaAs-like TO mode
does not change significantly in this composition range, the
redshift of the GaAs-like LO mode cannot arise from short-
range effects. The observed shifts imply an appreciable re-
duction of the GaAs-like TO-LO splitting that cannot be ex-
plained solely by the reduction of Ga–As oscillators due to
the substitution of As ions by N ions. A disorder-induced
reduction of the number of Ga–As oscillators that contributes
to the long-range effects and a minor contribution of ionic
plasmon coupling between the GaAs and GaN sublattices of
GaAs,N may account for the observed behavior of the
GaAs-like LO mode of this material. We conclude that long-
range effects determine the behavior of the GaAs-like LO
mode of dilute GaAs,N.
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